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Prophylactic surgery prior to extended-duration
space flight: Is the benefit worth the risk?

This article explores the potential benefits and defined risks associated with prophyl -
actic surgical procedures for astronauts before extended-duration space flight. This
includes, but is not limited to, appendectomy and cholecystesctomy. Furthermore, dis-
cussion of treatment during space flight, potential impact of an acute illness on a
defined mission and the ethical issues surrounding this concept are debated in detail.

Cet article explore les avantages possibles et les risques définis associés à des interven-
tions chirurgicales prophylactiques (notamment appendicectomie et cholécystec-
tomie) chez les astronautes devant effectuer des séjours prolongés dans l’espace. Le
traitement pendant le séjour dans l’espace, les répercussions éventuelles d’une maladie
grave au cours d’une mission particulière et les enjeux éthiques entourant la question y
sont débattus en profondeur.

T he potential to regularly extend human space flight beyond low-earth
orbit is current. In the coming years, the National Aeronautics and
Space Administration (NASA) in the United States and similar pro-

grams in other countries expect to return to the moon with the anticipation of
lunar inhabitance.1 Furthermore, a move toward the human exploration of
Mars is in the planning stages.1 Private industry is also rapidly developing
space-faring technology and hardware.

Exploration has always been associated with a substantial human cost.2,3

Space exploration is no exception, as illness and injury have been responsible
for more mission delays and failures than either defective transport engineer-
ing or weather-related issues.4 In addition to traumatic injury (ranked at the
highest level of concern regarding the probable incidence v. impact on mission
and crew member health),5 other life-threatening emergency surgical condi-
tions may arise without prior warning in even the healthiest crew members.6,7

These conditions include, but are not limited to, appendicitis, cholecystitis,
diverticulitis, pancreatitis, peptic ulcer disease and intestinal obstruction.

Whereas numerous studies performed in the context of parabolic flight
suggest that surgery in a weightless environment would be technically pos -
sible, substantial challenges remain.8–15 Given both equipment and manpower
constraints, the challenges include restricted perioperative imaging capabil -
ities, limited availability of surgical equipment owing to payload weight con-
straints, nonsurgeon crew medical officers (CMOs) with limited medical train-
ing, and potential inability to provide basic perioperative or postoperative
anesthesia or nursing and rehabilitation care.16–18 These expected limitations do
not begin to address the potential need for critical care support of a crew
member with a surgical emergency.4,17–20 In addition to the inherent hostility of
their environment, CMOs and flight surgeons must also consider the potential
impact on mission objectives when assessing a crew’s response to an ill crew
member. Unlike the past “scoop and run” strategy that required only stabiliza-
tion and rapid evacuation, the reality of a “stand and fight” scenario is much
more involved.21 With missions of increasing duration and distance, accurate in-
flight diagnosis and treatment will become more crucial. The time to definitive
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 medical/ surgical care will also become much longer. This
will undoubtedly describe the scenario during an expedi-
tion to Mars. The situation confronting a lunar base mis-
sion is also interesting in that even though the time to
definitive medical care back on earth (4 d) has greatly
increased (compared with shuttle [6 h] or International
Space Station missions [24 h]), the capabil ities of the avail-
able medical care system are not substantially different
from those found on the shuttle (medical kit weight re -
striction is 40 lbs). This may actually result in an increased
lunar  medical/ surgical risk. The complexity of this issue is
substantial considering the impact of either a false-positive
(hundreds of millions of dollars in lost mission objectives)
or false-negative (protracted course of illness and risk of
complications) diagnosis. As a result, the importance of
identifying astronauts who are potentially predisposed to
these conditions and revisiting all medical avenues to
reduce risk has been re-emphasized.22

Although the list of potential nontrauma surgical emer-
gencies is extensive, diseases of the appendix and gallblad-
der (appendicitis and cholecystitis) are common and uni-
fied by our ability to prophylactically remove these organs
before space flight. Prophylactic surgical excision also has a
negligible effect on the function and overall health of a
patient. This review discusses the predicted risk of appen-
dicitis and cholecystitis during extended-duration expedi-
tions and the potential role for prophylactic appendectomy
and cholecystectomy.

RIsk of aCuTe aPPendICITIs

Acute appendicitis is considered a surgical emergency.
Although its global incidence is decreasing, appendicitis
occurs in up to 1 in 7 individuals.23,24 The risk of appen-
dicitis also decreases with age. More specifically, it is esti-
mated to range from 3.7 per 1 million person-days among
individuals aged 30–34 years to 1.8 per 1 million person-
days among those aged 50–54 years.4 As a result, the age of
a given crew member may be particularly important; the
ages of recent International Space Station inhabitants
ranged from 30 to 56 years. Although an actual case of
acute appendicitis has not been formally documented dur-
ing space flight,25 the Russian space program has had the
most practical experience with possible cases. Specifically,
acute appendicitis was suspected in a Salyut 7 cosmonaut
(1985) when he initially experienced severe right lower
quadrant abdominal pain. Medical evacuation was consid-
ered and preparations were initiated for an immediate
recovery; however, both were avoided when it became
apparent he had ureterolithiasis. Unfortunately, evacua-
tion from Salyut was completed in 1982 when an ill cos-
monaut was also suspected to have appendicitis. Prostatitis
was diagnosed after his return to earth.4

The true risk of acute appendicitis during extended-
duration space flight is unknown. As a result, predicted risk

must be generated from our closest environmental ana-
logues. These include Russian space station, naval subma-
rine and multinational Antarctic expeditions. Using these
analogues, the risk of appendicitis has been reported to be
as high as 43 per 1 million person-days (Australian Antarc-
tic program).26 This risk of 1 case every 10.6 years (9.4%/
yr) is substantially higher than the 1 case every 125 years
(0.8%/yr) calculated for a 6-member crew employing U.S.
general population data.4 Furthermore, the Australian
Antarctic program has reported 1 death and a 40% periop-
erative complication rate associated with appendicitis over
a 32-year experience.

Also unclear is the impact of alterations in human physi-
ology and anatomy that are known to occur during space
flight on the incidence, presentation and natural history of
appendicitis.4,16,27,28 For example, the manifestations of
appendicitis could potentially differ between the zero-
 gravity phase of flight (i.e., change in the anatomic location
of an inflamed appendix similar to that observed during
pregnancy) and the partial gravitational environments
associated with planetary destinations (i.e., comparative
manifestations to earth). Similar concerns exist for the abil-
ity of a crew member to accommodate for and recover
from the hemodynamics and volume status changes associ-
ated with weightlessness.27,28 The relative effects of im -
munosuppression have also been suggested as causes of the
increased rates of appendicitis and its atypical presentation
in Antarctica.29–32 Although altered immunological response
and possible changes in bacterial virulence are believed to
occur during space flight,33–35 the effect of these changes on
surgical inflammatory emergencies, such as appendicitis, is
unknown.

RIsk of CholeCysTITIs

The true risk of acute or chronic cholecystitis during an
extended-duration expedition is also unknown. Fortun -
ately, there has yet to be a reported case of symptomatic
gallbladder disease during space flight. This may be related
to reduced risk in the astronaut population owing to a
lower average body mass index than that in the general
population and to intensive medical screening at the time
of selection and yearly recertification. Although the inci-
dence of gallstones in the general population varies from
10% to 20%,36 the risk of progression to symptom atic dis-
ease is about 1%–4% per year.37 Because this risk is rela-
tively low, affecting less than one-third of people over their
lifetime,37 expectant management for asymptomatic chole -
lithiasis is considered the standard of care.38 Interestingly,
in patient populations at increased risk for gallstones (e.g.,
bariatric obesity surgery, hereditary spherocytosis popula-
tions, solid organ transplant recipients), symptom atic pro-
gression of gallstones and/or increased morbidity associ-
ated with the subsequent treatment of acute cholecystitis,
“routine” prophylactic cholecystectomy has been strongly
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advocated.39–41 More specifically, transplant-related im -
muno suppression and the resultant heightened risk of
 gallbladder-associated infectious morbidity and mortality
are thought to be particularly important.42 As previously
mentioned, the impact of space flight–induced immuno-
suppression on a potential episode of cholecystitis is
unclear. The effect of altered human physiology on gall-
stone formation (cholesterol/ lipid biochemistry and rela-
tive hypovolemia) and gallbladder function (contractility
and absorption) is also unknown. Furthermore, although
the specific risk of biliary stone/sludge–induced pancrea -
titis during space flight remains undefined, its occurrence
is plausible given the global delay of gastrointestinal func-
tion observed in microgravity.

TReaTmenT of aCuTe aPPendICITIs and CholeCysTITIs

The current standard of care for uncomplicated acute
appendicitis and cholecystitis is laparoscopic removal of the
inflamed organ. If a minimally invasive approach is not
possible, open procedures are considered the gold stan-
dard. Laparoscopic appendectomy for uncomplicated
appendicitis has been shown to be better than43–48 or as
good as49 open appendectomy in terms of postoperative
wound infections, analgesia requirements, length of stay in
hospital, return to work intervals and overall recovery. In
cases of complicated appendicitis (perforation or intra-
abdominal abscess), the laparoscopic technique has also
been shown to be superior to open procedures with
regards to wound infections, postoperative intra-abdominal
abscesses, hematomas and hemorrhage.43,50

Whereas the minimally invasive surgical technique is
currently the primary method of treatment for both ap -
pendicitis and cholecystitis, nonoperative treatment of
both disease processes is not uncommon. More specifically,
nonoperative therapies (bowel rest, intravenous fluids,
nasogastric decompression, antibiotics) have often been
required in remote medical care situations with poor sur -
gical capabilities.4 Whether limited by surgical equipment
or human training, most reported nonoperative cases have
had good results.4,51–56 These include a particularly long
hist ory aboard naval submarines with success rates ap -
proaching 90%.4,57

Unlike appendicitis, cholecystitis is much more com-
monly managed nonoperatively. Depending on the dura-
tion of symptoms at the time of presentation (delayed),
many patients are initially treated without a cholecystec-
tomy. Intravenous antibiotics, chemical analgesia and rehy-
dration become primary therapies. These patients then
typically undergo a subsequent cholecystectomy on an
elective basis.

It should also be noted that in cases of periappendiceal
abscess/perforation and acute cholecystitis in nonoperative
candidates, image-guided percutaneous insertion of drain -
age catheters is a viable option. This technique has a high

success rate (> 90%) and is commonly employed in terres-
trial hospitals.58–62 The actual act of percutaneous aspiration
of intra-abdominal fluid collections has also been shown to
be possible in weightlessness.63 Assuming one could avoid
contaminating the spacecraft and securely dispose of the
biologic waste, catheter drainage is a plausible option for
crew members with access to ultrasonography for image
guidance. Image-guided robotic systems have also been
successfully employed in interventional radiology suites
and suggest that “smart” medical systems might assist
CMOs in catheter insertion during long space missions in
the future.64–66 Percutaneous catheter drainage is also com-
mon for abscesses caused by perforated viscus (inflamma-
tory bowel disease, diverticulitis).67

PRevenTIon of aCuTe aPPendICITIs and CholeCysTITIs

Given the immense logistical, training and perioperative
risks associated with the potential treatment of either
appendicitis or cholecystitis during extended-duration
space exploration, the concepts of prophylactic appendec-
tomy and/or cholecystectomy should be considered.
Evalu ation of the true utility of this concept requires an
accurate assessment of the probability that either condi-
tion will develop and cause harm. This is then compared
with the risk of performing prophylactic organ removal
before embarking on an expedition. As previously men-
tioned, however, the true risk of acute appendicitis and
cholecystitis occurring in weightlessness during an
extended-duration mission remains unclear. This arguably
supports prophylactic organ removal to prevent the theor -
etical catastrophic loss of mission and/or human life in the
unpredictable environment of extended-duration space
flight. It should be noted that a Mars mission would entail
a 2- to 4-year voyage with an estimated evacuation time of
9 to 12 months.25,68–70 Delayed electronic signal transmis-
sions of up to 50 minutes would also make both commun -
ication and real-time robotic surgery and/or telementor-
ing nearly impossible.25,63 Until autonomous (closed-loop)
image-guided smart medical systems are developed and
installed on spacecraft,71–73 risk management via the pre-
vention of these acute circumstances remains a plausible
and important concept.

Owing to the perceived increased risk of acute appen-
dicitis during Antarctic expeditions, prophylactic appen-
dectomy for those spending the winter has been manda-
tory in the Australian program since 1950.26 Whereas
prophylactic removal of the appendix has been avoided for
U.S. explorers, Russia, United Kingdom, France, Chile and
Argentina have each used this policy intermittently.4

Because of its relatively reduced risk, there is no report of
routine prophylactic cholecystectomy for Antarctic, sub-
marine or space flight expeditions.

The risks associated with laparoscopic surgery to remove
the appendix in a noninflamed state are poorly studied.
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Risks for any minimally invasive procedure include the gen-
eral risks of the anesthetic itself (1 in 250 000 for a trained
anesthesiologist in optimal conditions), hemorrhage, wound
infection and unrecognized gastrointestinal perforation.
Appendectomy-specific risk primarily involves leakage from
the occluded base of the appendix (staple line, suture or tie)
and small bowel obstruction secondary to postoperative
adhesions. Although the subsequent risk of a small bowel
obstruction is small (0.0069 cases per person-year),74 the
potential impact of this complication during space flight is
substantial given limited on-board medical resources (intra-
venous fluids). Risks for a prophylactic cholecystectomy are
much better studied. These include the same general risks
as a laparoscopic appendectomy, but also the potential of a
bile duct injury and significant hemorrhage from the liver
(gallbladder bed/cystic plate). Bile duct injuries are life-
altering in terms of both patient outcome and recovery.75

They occur at a rate of 0.4% in the nearly 700 000 chole-
cystectomies (90% laparoscopic) performed each year in
the United States.76–78 This compares to an injury rate of
0.2% among open cholecystectomies.79 The incidence of
significant hemorrhage during laparoscopic cholecystec-
tomy ranges from 0.1% to 1.9%,80,81 with most of the bleed-
ing originating from a relatively common superficial branch
of the middle hepatic vein.82

Although reports outlining the safety of concurrent pro-
phylactic laparoscopic procedures (cholecystectomy and
appendectomy) are limited, a small prospective controlled
study of simultaneous open appendectomy and cholecystec-
tomy deemed combined procedures to have no increased
risk.83 Furthermore, simultaneous laparoscopic cholecystec-
tomy with either a splenectomy41 or Roux-en-Y gastric
bypass40 have also been shown to be safe. Given that these
additional procedures are considered to be more difficult
than an appendectomy, extrapolation of safety to a concur-
rent appendectomy/cholecystectomy appears reasonable.

It should be noted that although additional nontrauma
surgical emergencies are plausible in astronauts on
extended-duration expeditions, they are either not appro-
priate for prophylactic laparoscopic procedures (peptic
ulcer disease, intestinal obstruction, pancreatitis) or have
near-normal population risks of advancing to acute patho-
logical states, assuming patients have not been previously
symptomatic (Meckel diverticulum, sigmoid diverticulo-
sis).84 The exception is biliary stone/ sludge– induced pan-
creatitis. Prophylactic removal of the gallbladder would
also eliminate this risk.

oTheR mInImally InvasIve oPTIons foR suRgICal
PRoPhylaxIs

Single-incision laparoscopic operations have recently
emerged as a potentially viable alternative to standard
laparoscopy.85 Unlike traditional laparoscopy, which re -
quires multiple incisions, this technique uses multiple ports

through a single incision. Whereas postoperative benefits
may theoretically include reduced postoperative pain,
wound complications and convalescence, obvious advan-
tages include improved cosmesis and greater patient satis-
faction. As a result, this technique has recently been applied
to a large array of procedures, including cholecystectomy,86–89

appendectomy,90 colectomy91 and donor nephrectomy92

among others. Unfortunately with the current generation
of single-incision laparoscopic instruments, this procedure
is clearly more difficult for many surgeons than traditional
laparoscopic surgery. Increased duration of surgery, a com-
mon need for extra skin incisions and a trend toward more
incisional pain are often reported.85 There is also a linger-
ing concern of potential increases in the rate of common
bile duct injuries during the early learning curve for this
technique. Whereas more research is needed to fine-tune
this technique and prove both the safety and unique bene-
fits of the concept, continued development of improved
instrumentation (larger single-port working platforms,
flexible fulcrum instruments, multiplane optical sources) is
encouraging.85

Natural orifice transluminal endoscopic surgery
(NOTES), now in clinical trials in the United States, may
represent another modality compatible with space explor -
ation for various surgical conditions.93 This procedure
involves the intentional puncture of a viscera (stomach,
urin ary bladder, rectum, vagina) with an endoscope to enter
the peritoneal cavity and complete the required operative
procedure.94 Both appendices and gallbladders have been
removed via this approach. The total absence of an incision
(the expected future for NOTES) may make prophylactic
removal of the appendix and/or the gallbladder more palat-
able. The NOTES technique would also mitigate manage-
ment of incisional and peritoneal fluid in an altered gravity
environment. The already closed nature of the peritoneal
cavity provides a natural containment for blood and fluid.
Whereas the specific effects of weightlessness on NOTES-
related organs and endoscopes are currently unknown,
there are likely to be additional unanticipated challenges if
employed during space exploration. Although the predicted
benefits of this technique echo those for single-incision
laparoscopic procedures,95–97 cautious safety and feasibility
studies must precede widespread adoption of this technique
for the extended-duration space-faring population.

eThICal Issues

Whereas there is reasonable evidence to support the concept
of prophylactic appendectomy and cholecystectomy before
embarking on an extended-duration space mission, the
ethics of removing healthy organs to prevent a possible
future complication in a healthy crew member must be dis-
cussed. In a large space coalition, all partner countries would
presumably need to agree and participate. Furthermore, the
personal consequences of an operative complication after
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prophylactic organ removal might be substantial (e.g., dis-
qualification from flight). As a result, it is unclear whether
this strategy would be mandatory, or simply based on a crew
decision with informed consent regarding personal and mis-
sion risk (similar to patent foramen ovale screening). The
financial cost of the procedure, and of any subsequent com-
plications, would also have to be addressed.98 As Jennings
and colleagues have noted,99,100 the ethical considerations of
exposing individuals with pre-existing medical conditions to
prophylactic surgical procedures and at-risk testing before
space flight present novel challenges. These become particu-
larly complicated when clinicians (providing diagnostic and
therapeutic services) and space-related medical boards
(defining medical requirements for certification and space
flight) do not agree.

If prophylactic surgery was required prior to considera-
tion for selection for an expedition, the procedure and its
associated medical risks would have to be balanced against
an unclear potential benefit. Prophylactic surgery might be
considered an advantage for an astronaut who was being
considered for, but not guaranteed, a spot on a flight. If
prophylactic surgery became mandatory after astronaut
selection for a given mission, then an individual would
have no choice but to undergo the procedure or be dese-
lected. This person would therefore be allowed minimal
freedom of choice with enormous peer, corporate and even
public pressure to comply.

There are numerous methods of enhancing human per-
formance. For space flight in particular, the most important
tools remain selection, training, equipment, pharmacology
and surgery. The specific modalities available for each range
from ethically acceptable to unacceptable. Even when
someone consents to a particular procedure aimed at
enhancing performance, this action may be ethically unac-
ceptable to society as a whole. The burden of risk for the
individuals themselves may also be too great. Furthermore,
several characteristics define the acceptability of consent.
Each method of enhancing performance should be exam-
ined in the context of the principles of medical ethics in a
relevant society. These are defined as autonomy, nonmal -
feas ance, beneficence and justice. Only then can we develop
a morally justifiable code of practice that balances society’s
needs against individual ambitions and corporate goals.98

ConClusIon

The theoretical incidence of acute appendicitis and chole-
cystitis during an extended-duration exploration could be
increased. The impact of altered human physiology,
anatomy and immunology during space flight on the nat-
ural history and clinical course of either disease is un -
known. As a result of the immense potential risk for loss of
mission and/or human life, however, prophylactic surgical
removal of a crew member’s healthy appendix should be
considered. This may also apply to a healthy gallbladder

despite the low risk of cholecystitis in the absence of gall-
stones. Finally, the presence of gallstones clearly repre-
sents the greatest threat. There is a recognized, albeit
minimal, risk of perioperative and postoperative complica-
tions from prophylactic organ excision. Given these small
risks in this healthy patient population, the limited num-
ber of candidates and continually advancing minimally
invasive surgical options, the ease and safety of surgical
prophylaxis currently appears to outweigh the logistics of
treating either acute appendicitis or cholecystitis during
extended-duration space flight.

Because the time to reach definitive medical care on
earth will be extremely long, and rescue or medical evacua-
tion likely unavailable, future extended-duration space
flights (e.g., Mars expedition) would ideally include a med-
ical care system with greater surgical capability. Increased
limitations on surgical care expected in extended-duration
missions necessitate a surgically capable CMO and an
advanced life support system. Whereas focusing on the
specific incidences of individual surgical events (i.e., appen-
dicitis and potentially cholecystitis) does not necessarily
justify increased surgical capability, the potential incidence
of “any and all” surgical problems occurring during space
flight does. As a result, we advocate more extensive surgical
capabilities for future extended-duration space flight med-
ical care systems owing to the increased risk of various sur-
gical events (including appendicitis and cholecystitis in
nonprophylaxed patients). If it is not possible to provide
level 4 (limited surgical) and level 5 (major surgical) care
on either the moon or Mars, however, prophylactic exci-
sional surgery is a reasonable alternative in spite of the
extensive unresolved ethical issues associated.

Competing interests: None declared.

Contributors: All authors helped design and review the article and
approved its publication. C.G. Ball, A.W. Kirkpatrick, J.A. Jones, J.D. Polk,
M.A. Talamini and T.J. Broderick acquired and analyzed the data.
C.G. Ball, A.W. Kirkpatrick, D.R. Williams, J.A. Jones, J.M. Vanderploeg
and T.J. Broderick wrote the article.

References

1. Hamilton D, Smart K, Melton S, et al. Autonomous medical care for
exploration class space missions. J Trauma 2008;64:S354-63.

2. Stewart LH, Trunkey D, Rebagliati GS. Emergency medicine in space.
J Emerg Med 2007;32:45-54.

3. Norfleet WT. Anesthetic concerns of spaceflight. Anesthesiology
2000; 92: 1219-22.

4. Campbell MR, Johnson SL, Mashburn T, et al. Nonoperative treat-
ment of suspected appendicitis in remote medical care environments:
Implications for future spaceflight medical care. J Am Coll Surg 2004;
198: 822-30.

5. Billica RD, Pool SL, Nicogossian AE. Crew health care programs.
In: Nicogossian AE, editor. Space physiology and medicine. Philadelphia
(PA): Williams & Wilkins; 1994. p. 402-23.

6. Campbell MR. A review of surgical care in space. J Am Coll Surg
2002; 194:802-12.



130        J can chir, Vol. 55, No 2, avril 2012                                                                                                                

REVUE

7. Kirkpatrick AW, Campbell MR, Broderick TJ, et al. Extraterrestrial
hemorrhage control: terrestrial developments in technique, technol-
ogy, and philosophy with applicability to traumatic hemorrhage con-
trol during long duration spaceflight. J Am Coll Surg 2005;200:64-76.

8. Campbell MR, Billica RD, Johnson SL. Animal surgery in microgravity.
Aviat Space Environ Med 1993;64:58-62.

9. Kirkpatrick AW, Keaney M, Kmet L, et al. Intraperitoneal gas insuf-
flation will be required for laparoscopic visualization in space: a com-
parison of laparoscopic techniques in weightlessness. J Am Coll Surg
2009; 209:233-41.

10. Campbell MR, Billica RD, Jennings R, et al. Laparoscopic surgery in
weightlessness. Surg Endosc 1996;10:111-7.

11. Campbell MR, Kirkpatrick AW, Billica RD, et al. Endoscopic
surgery in weightlessness: the investigation of basic principles for
surgery in space. Surg Endosc 2001;15:1413-8.

12. Campbell MR, Billica RD. A review of microgravity surgical investi-
gations. Aviat Space Environ Med 1992;63:524-8.

13. Kirkpatrick AW, Keaney M, Hemmelgarn B, et al. Intra-abdominal
pressure effects on porcine thoracic compliance in weightlessness:
implications for physiologic tolerance of laparoscopic surgery in
space. Crit Care Med 2009;37:591-7.

14. Kirkpatrick AW, Doarn CR, Campbell MR, et al. Manual suturing
quality at acceleration levels equivalent to spaceflight and a lunar
base. Aviat Space Environ Med 2008;79:1065-6.

15. Ball CG, Keaney MA, Chun R, et al. Anesthesia and critical care
delivery in weightlessness: a challenge for research in parabolic flight
analogue space surgery studies. Planet Space Sci 2010;58:732-40.

16. Campbell MR, Billerica RD. Surgical care in spaceflight. In: Barratt
MR, Pool SL, editors. Principles of clinical medicine for space flight.
New York: Springer; 2008. p.227-45.

17. Jones JA, Johnston S, Campbell M, et al. Endoscopic surgery and
telemedicine in microgravity, developing contingency procedures
for exploratory class space flight. Urology 1999;53:892-7.

18. Kirkpatrick AW, Ball CG, Campbell M, et al. Severe traumatic
injury during long duration spaceflight: light years beyond ATLS. 
J Trauma Manag Outcomes 2009;3:4.

19. Emergency and continuing care. In: Ball JR, Evans CH, editors. Safe
passage: astronaut care for exploration missions. Washington: The
National Academies Press; 2001. p. 116-35.

20. Silverman GL, McArtney CJ. Regional anesthesia for the manage-
ment of limb injuries in space. Aviat Space Environ Med 2008;79:620-5.

21. Bacal K, Beck G, McSwain NE. A concept of operations for contin-
gency operations on the International Space Station. Mil Med 2004;
169: 631-41.

22. Hamilton DR, Murray JD, Ball CG. Cardiac health for astronauts:
coronary calcification scores and CRP as criteria for selection and
retention. Aviat Space Environ Med 2006;77:377-87.

23. Vallina VL, Velasco JM, McCulloch CS. Laparoscopic versus con-
ventional appendectomy. Ann Surg 1993;218:685-92.

24. Al-Omran M, Mamdani M, McLeod RS. Epidemiologic features of
acute appendicitis in Ontario, Canada. Can J Surg 2003;46:263-8.

25. Campbell MR. Surgical care in space. Aviat Space Environ Med 1999;
70:181-4.

26. Lugg DJ. Antarctic epidemiology: a survey of ANARE stations.
1947-1972. In: Polar human biology. Chicago (IL): Year Book Medical
Publishers; 1974. p. 93-105.

27. Nicogossian AE, Huntoon CL, Pool SL. Physiological adaptation to
spaceflight. In: Nicossian AE, Huntoon CL, Pool SL, editors. Space
physiology and medicine. 2nd ed. Philadelphia (PA): Lea and Febinger;
1989. p. 139-248.

28. Fowler JF. Physiological changes during spaceflight. Cutis 1991;48:
291-5.

29. Lugg DJ. Appendicitis in polar regions. Diploma in Polar Studies The-
sis. University of Cambridge, Cambridge, UK, 1979.

30. Lugg DJ. Antarctic medicine, 1775-1975. Med J Aust 1975;2:335-7.
31. Lugg DJ. Antarctic medicine. JAMA 2000;283:2082-4.
32. Streletskii VM. [Clinical course and diagnosis of acute appendicitis in

the Arctic region] [Article in Russian]. Khirurgiia (Mosk) 1976;53:28-32.
33. Sonnenfeld G. The immune system in space and microgravity. Med

Sci Sports Exerc 2002;34:2021-7.
34. Taylor GR, Neale L, Durdano J. Immunological analysis of U.S.

space shuttle crewmembers. Aviat Space Environ Med 1986;57:213-7.
35. Taylor GR, Janney R. In vivo testing confirms a blunting of the

human cell mediated immune mechanism during spaceflight. 
J Leukoc Biol 1992;51:129-32.

36. Attili AF. Epidemiology of gallstone disease in Italy: prevalence data
of the Multicenter Italina Study on Cholelithiasis (MICOL). Am J
Epidemiol 1995;141:158-65.

37. Saldinger PF. The natural history of gallstones and asymptomatic
gallstones. In: Blumgar L, editor. Surgery of the liver, biliary tract, and
pancreas. Philadephia (PA): Saunders Elsevier; 2007. p. 477-81.

38. Ransohoff DF, Gracie W. Treatment of gallstones. Ann Intern Med
1993; 119:606-19.

39. Kao LS, Flowers C, Flum DR. Prophylactic cholecystectomy in trans-
plant patients: a decision analysis. J Gastrointest Surg 2005;9:965-72.

40. Nougou A, Suter M. Almost routine prophylactic cholecystectomy
during laparoscopic gastric bypass is safe. Obes Surg 2008;18:535-9.

41. Marchetti M, Quaglini S, Barosi G. Prophylactic splenectomy and
cholecystectomy in mild hereditary spehrocytosis: analyzing the deci-
sion in different clinical scenarios. J Intern Med 1998;244:217-26.

42. Bhatia DS, Bowen JC, Money SR, et al. The incidence, morbidity,
and mortality of surgical procedures after orthotopic heart trans-
plantation. Ann Surg 1997;225:686-93; discussion 693-4.

43. Ball CG, Kortbeek JB, Kirkpatrick AW, et al. Laparoscopic appen-
dectomy for complicated appendicitis: an evaluation of postoperative
factors. Surg Endosc 2004;18:969-73.

44. Chung RS, Rowland DY, Li P, et al. A meta-analysis of randomized
controlled trials of laparoscopic versus conventional appendectomy.
Am J Surg 1999;177:250-6.

45. Garbutt JM, Soper NJ, Shannon WD, et al. Meta-analysis of ran-
domized controlled trials comparing laparoscopic and open appen-
dectomy. Surg Laparosc Endosc 1999;9:17-26.

46. Golub R, Siddiqui F, Pohl D. Laparoscopic versus open appendec-
tomy: a meta-analysis. J Am Coll Surg 1998;186:545-53.

47. Sauerland S, Lefering R, Holthausen U, et al. Laparoscopic vs con-
ventional appendectomy — a meta-analysis of randomised con-
trolled trials. Langenbecks Arch Surg 1998;383:289-95.

48. Temple LK, Litwin DE, McLeod RS. A meta-analysis of laparo-
scopic versus open appendectomy in patients suspected of having
acute appendicitis. Can J Surg 1999;42:377-83.

49. Slim K, Pezet D, Chipponi J. Laparoscopic or open appendectomy?
Critical review of randomized, controlled trials. Dis Colon Rectum
1998;41:398-403.

50. Wullstein C, Barkhausen S, Gross E. Results of laparoscopic vs. con-
ventional appendectomy in complicated appendicitis. Dis Colon 
Rectum 2001; 44:1700-5.

51. Norman JC. Appendicitis in submarines. U S Armed Forces Med J
1959;10:689-92.

52. Rice BH. Conservative non-surgical management of appendicitis.
Mil Med 1964;129:903-20.

53. Wilken DD. Significant medical experiences aboard polaris sub-
marines: a review of 360 patrols during the period 1963-1967. Groton
(CT): U.S. Naval Submarine Medical Center; 1969. Report #560.

54. Adams ML. The medical management of acute appendicitis in a



                                                                                                                                                              Can J Surg, Vol. 55, No. 2, April 2012        131

REVIEW

nonsurgical environment: a retrospective case review. Mil Med 1990;
155: 345-7.

55. Bowers WF, Hughes CW, Bonilla KB. The treatment of acute
appendicitis under suboptimal conditions. U S Armed Forces Med J
1958;9: 1545-57.

56. Foraker AG. A reluctant surgeon at sea. JAMA 1981;245:2302-3.
57. Hornez E, Gellie G, Entine F, et al. Is there still a benefit to operate

appendiceal abscess on board French nuclear submarines? Mil Med
2009; 174:874-7.

58. Lambiase RE, Deyoe L, Cronan JJ, et al. Percutaneous drainage of
335 consecutive abscesses: results of primary drainage with 1-year
follow-up. Radiology 1992;184:167-79.

59. vanSonnenberg E, Wittich GR, Goodacre BW, et al. Percutaneous
abscess drainage: update. World J Surg 2001;25:362-9; discussion
370-2.

60. Wittmann DH, Schein M, Condon RE. Management of secondary
peritonitis. Ann Surg 1996;224:10-8.

61. Hemming A, Davis NL, Robins RE. Surgical versus percutaneous
drainage of intra-abdominal abscesses. Am J Surg 1991;161:593-5.

62. McClean KL, Sheehan GJ, Harding GKM. Intraabdominal infec-
tion: a review. Clin Infect Dis 1994;19:100-16.

63. Kirkpatrick AW, Nicolaou S, Campbell MR, et al. Percutaneous
aspir ation of fluid management of peritonitis in space. Aviat Space
Environ Med 2002;73:925-30.

64. Ball JR, Evans CH Jr, editors. Safe passage: astronaut care for explor -
ation missions. Washington: Institute of Medicine, National Academy
Press; 2002.

65. Navab N. Visual serving for automatic and uncalibrated needle
placement for percutaneous procedures. Proceedings of the IEEE
International Conference on Computer Vision and Pattern Recognition.
2000; 2: 2327-34.

66. Hong J, Dohi T, Hashizume M, et al. An ultrasound-driven needle
insertion robot for percutaneous cholecystostomy. Phys Med Biol
2004; 49:441-55.

67. Casola G, vanSonnenberg E, Neff CC, et al. Abscesses in Crohns
disease: percutaneous drainage. Radiology 1987;163:19-22.

68. Davis JR. Medical issues for a mission to Mars. Tex Med 1998;94:47-55.
69. Baisden DL, Beven GE, Campbell MR, et al. Human health and

performance for long duration spaceflight. Aviat Space Environ Med
2008; 79:629-35.

70. Jones JA, Barratt M, Effenhauser R. Medical issues for a human mis-
sion to Mars and martian surface expeditions. J Br Interplanet Soc
2004; 57:144-60.

71. Pauldine R, Beck G, Salinas J, et al. Autonomous critical care for the
austere environment. J Trauma 2008;64:S289-94.

72. Salinas J, Drew G, Gallagher J, et al. Closed-loop and decision-assist
resuscitation of burn patients. J Trauma 2008;64:S321-32.

73. Kramer GC, Kinsky MP, Prough DS, et al. Closed-loop control of
fluid therapy for treatment of hypovolemia. J Trauma 2008;
64(4 Suppl):S333-41.

74. Leung TT, Dixon E, Gill M, et al. Bowel obstruction following
appendectomy: What is the true incidence? Ann Surg 2009;250:51-3.

75. Melton GB, Lillemoe KD, Cameron JL, et al. Major bile duct
injuries associated with laparoscopic cholecystectomy: effect of sur -
gical repair on quality of life. Ann Surg 2002;235:888-95.

76. Wherry DC, Marohn MR, Malanoski MP, et al. An external audit of
laparoscopic cholecystectomy in the steady state performed in med-
ical treatment facilities of the Department of Defense. Ann Surg
1996; 224: 145-54.

77. Nuzzo G, Giuliante F, Giovannini I, et al. Bile duct injury during
laparoscopic cholecystectomy: results of an Italian national survey

on 56 591 cholecystectomies. Arch Surg 2005;140:986-92.
78. Waage A, Nilsson M. Iatrogenic bile duct injury: a population-based

study of 152 776 cholecystectomies in the Swedish Inpatient Reg-
istry. Arch Surg 2006;141:1207-13.

79. Roslyn JJ, Binns GS, Hughes EF, et al. Open cholecystectomy. A con-
temporary analysis of 42,474 patients. Ann Surg 1993;218:129-37.

80. Crist DW, Gadacz TR. Complications of laparoscopic surgery. Surg
Clin North Am 1993;73:265-89. 

81. Deziel DJ, Millikan KW, Economou SG, et al. Complications of
laparoscopic cholecystectomy: a national survey of 4292 hospitals
and an analysis of 77,604 cases. Am J Surg 1993;165:9-14.

82. Ball CG, MacLean AR, Kirkpatrick AW, et al. Hepatic vein injury
during laparoscopic cholecystectomy: the unappreciated proximity
of the middle hepatic vein to the gallbladder bed. J Gastrointest Surg
2006; 10:1151-5.

83. el-Sefi TA, el-Awady HM, Shehata MI. Prophylactic appendectomy
during elective cholecystectomy: effects on morbidity. A prospective
controlled study. Int Surg 1989;74:32-5.

84. Janes S, Meagher A, Frizelle FA. Elective surgery after acute diver -
ticu litis. Br J Surg 2005;92:133-42.

85. Philipp SR, Miedema BW, Thaler K. Single-incision laparoscopic
cholecystectomy using conventional instruments: early experience in
comparison with the gold standard. J Am Coll Surg 2009;209:632-7.

86. Gumbs AA, Milone L, Sinha P, et al. Totally transumbilical laparo-
scopic cholecystectomy. J Gastrointest Surg 2009;13:533-4.

87. Romanelli JR, Mark I, Omotosho PA. Single port laparoscopic
cholecystectomy with the triport system: a case report. Surg Innov
2008;  15: 223-8.

88. Hodgett SE, Hernandez JM, Morton CA, et al. Laparoendoscopic
 single sites (LESS) cholecystectomy. J Gastrointest Surg 2009;13:188-92.

89. Podolsky ER, Rottman SJ, Poblete H, et al. Single port access (SPA)
cholecystectomy: a completely transumbilical approach. J Laparoendosc
Adv Surg Tech A 2009;19:219-22.

90. Rispoli G, Armellino MF, Esposito C. One-trochar appendectomy.
Surg Endosc 2002;16:833-5.

91. Remzi FH, Kirat HT, Kaouk JH, et al. Single-port laparoscopy in
colorectal surgery. Colorectal Dis 2008;10:823-6.

92. Desai MM, Rao PP, Aron M, et al. Scarless single-port transumbil -
ical nephrectomy and pyeloplasty: first clinical report. BJU Int
2008;101: 83-8.

93. Salinas G, Saavedra L, Agurto H, et al. Early experience in human
hybrid transgastric and transvaginal endoscopic cholecystectomy.
Surg Endosc 2010;24:1092-8.

94. Pearl JP, Ponsky JL. Natural orifice transluminal endoscopic
surgery: a critical review. J Gastrointest Surg 2008;12:1293-300.

95. Mintz Y, Horgan S, Cullen J, et al. NOTES: a review of the technic -
al problems encountered and their solutions. J Laparoendosc Adv Surg
Tech A 2008;18:583-7.

96. NOSCA Joint Committee on NOTES. NOTES: Where have we
been and where are we going? Gastrointest Endosc 2008;67:779-80.

97. Mintz Y, Talamini MA, Cullen J. Evolution of laparoscopic surgery:
lessons for NOTES. Gastrointest Endosc Clin N Am 2008;18:225-34.

98. Gibson TM. The bioethics of enhancing human performance for
spaceflight. J Med Ethics 2006;32:129-32.

99. Jennings RT, Murphy DMF, Ware DL, et al. Medical qualification
of a commercial spaceflight participant: not your average astronaut.
Aviat Space Environ Med 2006;77:475-84.

100. Jennings RT, Garriott OK, Bogomolov VV. The ISS flight of
Richard Garriott: a template for medicine and science investigation
on future spaceflight participant missions. Aviat Space Environ Med
2010;81: 136-40.


